Generalized few-mode-fiber (FMF) transmission uses N coherent receivers for mode detection, where N scales with the number of fiber modes. Multiple coherent receivers increase the cost of optical network units (ONUs) in access networks, specifically for intra-and inter data center applications. We have experimentally evaluated a cost effective low-complexity receiver architecture based on mode-division multiplexing (MDM) to mode frequency-division multiplexing (MFDM) conversion for data center connectivity. A single coherent receiver is used to efficiently detect 10 Gbit/s QPSK Nyquist signals over 2.8 km 4-LP mode graded index fiber reducing the ONUs complexity to N/4. All the transmitted modes are successfully detected below the forward-error-correction (FEC) limit, i.e. 1×10 −3 BER.
Introduction
Since the capacity of optical fiber communication systems based on single mode fiber (SMF) is approaching the non-linear Shannon limit, researchers are paying attention to explore new paradigms including advanced coherent modulation formats, multiplexing techniques and specialized fibers [1] . While the use of classical SMF is economical but on the other hand intra-, inter-channel fiber non-linearities (optical Kerr effects) and their inter-play with differential mode group delay (DMDG) still remain the vital performance degrader in high speed conventional coherent systems. Digital signal processing (DSP) based non-linear equalization has been proposed as potential candidate to overcome the physical limitations imposed by the fiber channel. But the computational efforts, in terms of number of complex multipliers and required number of samples to encompass the optical channel memory, need to be simplified. As far as, loss/gain. To mitigate these linear impairments, equalization by multiple-input multiple-output (MIMO) DSP is required at receiver. Furthermore, the number of coherent receivers required for efficiently detect the linearly polarized (LP) modes are directly proportional to the number of modes transmitted in the fiber, as shown in Fig. 1(a) . In addition to the increase in receiver system complexity, the conventional coherent scheme requires tight skew adjustments among all the received modes after fiber propagation to effectively equalize the received signals by adaptive MIMO DSP algorithms [9, 10] . Moreover, the DSP complexity of the classical coherent processing is high, i.e. for LP 01 , LP 11 a,b , LP 21 a,b and LP 02 modes we have to implement 2×2, 4×4, 4×4, and 2×2 MIMO blocks, respectively. Collectively, the receiver architecture including DSP is power hungry.
This characteristic of FMF based network made it effectively expensive that is impractical for access and data center applications. Most recently, all-optical fiber based mode selective photonic lanterns have been demonstrated for reducing the complexity of MIMO processing [11] . The limitation of this device is that they are not flexible in terms of scalability and adaptability. Furthermore, the performance of photonic lantern is immensely dependent on the fabrication process [12] . On the other hand, DSP based mode selective receivers have been successfully demonstrated [13, 14] but the studies are only limited to back-toback system configurations. Most recently, advancements have been made to remove the capacity crunch at the access networking level [15] via coherent receiver implementaion [16, 17] and in data networking architectures [18] through space division multiplexing. However, the complexity of receiver architecture especially for the FMF transmission is still unreasonable for cost-effective implementation of high bandwidth services.
In this paper, for the first time to the best of our knowledge, we have experimentally validated the transmission of 4-LP modes in 2.8 km of graded index fiber at the data rate of 10 Gbit/s by modulating QPSK Nyquist signals and mode selective receiver, as shown in Fig. 1(b) . All the LP modes are successfully received via one coherent receiver based on cost effective low-complexity architecture, i.e. MDM to MFDM conversion. The single polarization diversity heterodyne receiver with 4×4 MIMO equalization is employed. The transmission performance is further validated in-terms of bit-error-rate (BER) at diverse wavelengths to emulate the bi-directional traffic, i.e. uplink and downlink. Furthermore, the system performance w.r.t the transmission distance is analytically investigated under practical operating conditions. These results are helpful for the future implementation of SDM-FMF at intra-and inter data center networking level where cost vs. performance in an important parameter.
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Experimental Setup

Results and Discussion
We first optimize the insertion losses to improve the power budget of the transmission link to get the efficient performance of MDM to MFDM conversion.
We have evaluated 4-LP mode 10 Gbit/s Nyquist QPSK signals at 1552.50 nm.
All the received data tributaries are quantified w.r.t received power and BER.
The results of 4-LP mode transmission over 2.8 km of FMF are depicted as in Gbit/s/λ (15-LP modes × 2.5 Gbit/s). Whereas adding another coherent receiver will allow the user to detect dual-polarization signals that will increase the transmission capacity of the network by a factor of ×2. By considering these results, we would like to mention that the use of such kind of receiver architec-ture is ideal for low baud-rate signals and number of modes, so that they can be accommodated with the fixed bandwidth of the receiver. Despite of the fact that high bandwidth commercial coherent receivers are available but either they are expensive or they need complex ADCs to process the data. Hence making them inappropriate to be used in access networks and data center applications where cost/economy is the primary concern. These feasibility results are helpful for the implementation of high-spectrally efficient few-mode fiber networks as well as for dual-polarization transmissions.
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Conclusion
We propose and experimentally demonstrate a low-complexity receiver architecture for transmitting 4-LP modes for short range fiber links and data center applications. We have successfully transmitted single-polarization 4-LP modes over 2.8 km of graded index fiber at the data rate of 10 Gbit/s by modulating QPSK Nyquist signals and detecting them with single coherent receiver.
Furthermore, the receiver architecture is evaluated at different wavelengths to emulate the bi-directional traffic. While extended simulation studies have been performed to quantify the receiver performance over longer distances and receiver bandwidth w.r.t transmittable LP modes. To conclude, SDM based lowcost spectrally efficient coherent architectures can be deployed to remove the capacity crunch at access or date center networking level and to provide nextgeneration services to the subscribers.
Appendix A: Mode-Selective Coherent Detection Technique
The proposed receiver is based on the conversion of mode division multiplexed (MDM) signal into mode frequency division multiplexed (MFDM) signal via local oscillator (LO) that comprises of a laser bank. The MDM signal, E sig and MFDM LO, E LO , can mathematically be expressed as follows in Eq. 1 and Eq. 2:
(1)
Where, E m is the complex field amplitude of the m th modulated signal and j is the imaginary part of the complex envelope. Furthermore, A m and A n , respectively, are m th and n th propagation modes of MDM and MFDM's LO.
In out experimental demonstrations, M and N are equal to 4. The received electrical signal, I, output from the photo-detectors in the coherent receiver, as given by the received MDM signal and MFDM LO, can mathematically expressed as in Eq. 3.
The MDM signal comprising the LP modes has orthogonality property as per Eq. 4.
Where, δ mn is the Kronecker delta that narrates piecewise function of the discrete modes having variables M and N. By considering Eq. 3 and Eq. 4, coherent beat signals are selectively detected among the same propagation modes of the MDM signal and the MFDM LO as shown in Fig. 1 . Therefore, the MDM signal can be converted into an FDM signal in the coherent detection scheme that can be expressed as in Eq. 5.
After converting the MDM signal to the MFDM signal in the coherent receiver using the proposed mode-selective coherent detection technique, ADCs digitise the input signal. Then, the respective DSP module down-converts the 
